Obligately alkalophilic bacteria, which grow optimally at pH values of 10 or higher, are confronted by a special set of bioenergetic problems and demands with respect to pH homeostasis and ATP synthesis (15, 16) . It is thus notable that these organisms are found to have very high concentrations of membrane-associated respiratory chain components (17) and that the array of cytochromes, as distinguished by redox potentials, is complex. In both Bacillus alcalophilus (19) and Bacillus firmus RAB (14) , a c-type cytochrome, numerous cytochrome b species, and a terminal oxidase of the cytochrome aa3 type have been detected. Although one of the minor b-type cytochromes might be a cytochrome o (14) , cytochrome aa3 is the major terminal oxidase of the two alkalophiles and is apparently the sole terminal oxidase of non-alkalophilic mutant derivatives. We have speculated that the abundance and complexity of the alkalophilic respiratory chain may confer upon the organism the requisite capacity to pump protons with optimal efficacy and thus meet the cellular energy requirements (15, 19) . Indeed, alkalophilic B. firmus RAB exhibits high initial ratios of H+ translocated per 0 consumed during respiratory activity at pH 9.0 supported by endogenous substrates (18) . In contrast, at pH 7.0, the same cells show lower H+ per 0 stoichiometries upon initiation of respiration by an oxygen pulse. To investigate structural or functional relationships in the respiratory chain of alkalophilic bacteria, it became important to begin work with purified complexes. We have therefore undertaken such purifications and report here the purification and characterization of the cytochrome oxidase from B. firmus RAB.
MATERIALS AND METHODS
Organism and growth conditions. B. firmus RAB, a soil isolate (7) , was grown at 30°C with constant aeration on Lmalate-containing medium adjusted to pH 10.5 with carbonate buffer (8 Yamanaka and Fujii (31) . Except where indicated, reaction mixtures of 3 ml contained 20 mM sodium phosphate buffer, pH 6.0, 6 mg of Tween 20, 0.25 mg of lecithin, and 7 ,uM ferrocytochrome c from Saccharomyces cerevisiae. One enzyme unit represents the oxidation of 1 ,umol of reduced cytochrome c per min. During routine analyses of column fractions, the heme a and heme c contents were estimated from the peaks observed in reduced versus oxidized difference spectra, recorded as described previously (17) . The wavelengths and extinction coefficients used for these calculations were A605-630 AE = 20.5 for heme a (28) and A551 538 AE = 17.3 for heme c (10) . For determinations of heme a and c contents of pooled fractions and purified preparations, the hemes were converted to pyridine ferrohemochromes, and spectra were recorded as described by Williams (30) . Calculations were made using a AE (587 to 620 nm) of 21.7 cm-' mM-1 for heme a and a AE (550 to 535 nm) of 24.3 cm-' mM-1 for heme c. For determination of copper content, samples of purified enzyme in 0.5% nitric acid were dried in a graphite furnace and assayed with an Instrumentation Lab atomic absorption spectrophotometer. Corrections were made for the copper content of the buffer used in the enzyme preparation. Protein concentrations were determined by an assay procedure using amido black (22, 24) .
Electrophoresis. Slab gel electrophoresis under nondenaturing conditions was conducted by the method of Davis (4) using a 7.5% polyacrylamide gel containing 0.5% Triton X-100. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was conducted on 12% slab gels by the method of Weber and Osborn (29 solution) was then eluted with 100 mM sodium phosphate buffer, pH 8.0, containing 0.5% Triton X-100. This fraction had one major band and two minor bands on nondenaturing gels. In the final step, the minor bands were eliminated upon gel filtration through a Sephadex G-200 column (2 by 60 cm) equilibrated with 10 mM Tris buffer, pH 8.0, containing 0.5% Triton X-100. A 52-fold purification was achieved with a 6 to 8% yield of activity and heme a ( Table 1 ). The purified enzyme had a specific activity of 12.0 U/mg of protein, a heme a content of 17 nmol/mg of protein, and a copper content of 22 nmol/mg of protein.
Characterization. A reduced versus-oxidized difference spectrum of the purified cytochrome oxidase is shown in Fig. 1 . In each preparation both cytochrome a and cytochrome c were in evidence, with an a to c ratio of almost exactly 2. Analysis of the purified enzyme on sodium dodecyl sulfate-polyacrylamide gel electrophoresis indicated the presence of three subunits with Mr values of 56,000, 40,000, and ca. 14,000 (Fig. 2) . The small protein could be visually identified as cytochrome c and migrated to the same position on the gel as did the major band of a cytochrome cenriched fraction from the second DEAE-Sepharose column (data not shown). The large subunit consistently migrated as a rather diffuse band, as has been reported for the parallel subunit from mitochondrial preparations (1) and the enzyme from Rhodopseudomonas sphaeroides (6) .
The heme content of the purified preparation was determined after conversion of the hemes to pyridine ferrohemochromes. Assuming a minimum molecular weight of 110,000 for the cytochrome oxidase, the enzyme contained 2.1 mol of heme a and 0.9 mol of heme c per mol of enzyme.
Cytochrome oxidase activity was quite dependent on added lipids, and the pattern of lipid effects depended somewhat on the exogenous cytochrome c used in the assay (Table 2) . Routinely, Tween 20 and lecithin were used in assays of the enzyme; substitution of E. coli lipids for the lecithin, however, resulted in even greater activity. The slightly greater efficacy of yeast cytochrome c as opposed to horse heart cytochrome c is shown again, as a function of pH, in Fig. 3 . The purified preparation exhibited a pH optimum close to 6, whereas crude fractions were as active at pH 8.0 as at more acidic pH.
DISCUSSION
The cytochrome oxidase of alkalophilic B. firmus RAB is a complex containing three proteins, two relatively large sub- The effect of pH on cytochrome oxidase activity. The purified enzyme was assayed as described in the text using cytochrome c from either S. cerevisiae (0) or horse heart (0). units whose counterparts have been found in both mitochondrial (1) and bacterial (3, 5, 6, 9, 20, 27, 28) cytochrome oxidases and a lower-molecular-weight cytochrome c. The cytochrome c that is associated with the oxidase represents less than 20% of the cytochrome c in the membrane (17) . Several other bacterial cytochrome oxidases have been reported to contain three subunits and heme c, although the cytochrome c-or heme c-binding component in these oxidases appears to be larger than the one found here (9, 27) . However, other bacterial cytochrome oxidases have been reported to contain two subunits and no heme c (20, (31) (32) (33) . The purification procedure used in the current study, similar to that used by Sone and Yanagita (27) , and the procedures utilized in most of the purifications cited above entailed solubilization of the activity followed by several precipitation and/or ion-exchange and gel filtration steps. Recently, application by others of an efficacious purification method employing a cytochrome c affinity column (2) to purification of the cytochrome oxidases from Bacillus subtilis (5) and R. sphaeroides (6) has facilitated purification of the enzyme with a good yield and fewer steps. Notably, both of the preparations thus purified contained three subunits (57,000, 37,000, and 21,000 for B. subtilis and 45,000, 37,000, and 35,000 for R. sphaeroides) but no heme c.
Several of the bacterial cytochrome oxidases purified by others have been reported to pump protons when examined in a reconstituted system (25) (26) (27) . The proton pumping was sensitive dicyclohexylcarbodiimide in PS3 (27) but not in Paracoccus denitrificans (23) , and the oxidase from R.
sphaeroides did not exhibit such pumping (6) . Further studies in our laboratory will be directed at possible proton pumping by the alkalophile cytochrome oxidase. Using this and, hopefully (in the future), other purified complexes from the alkalophile respiratory chain, it may be possible to determine the basis for the high initial H+ per 0 stoichiometries observed at pH 9.0. The apparent failure of the respiratory chain to function well at neutral pH, as assessed both VOL. 158, 1984 
